An application of artificial neural network (ANN) based on multilayer perceptrons (MLP) to compute the resonant frequency of E-shaped compact microstrip antennas (ECMAs) is presented in this paper. The resonant frequencies of 144 ECMAs with different dimensions and electrical parameters were firstly determined by using IE3D (tm) software based on the method of moments (MoM), then the ANN model for computing the resonant frequency was built by considering the simulation data. The parameters and respective resonant frequency values of 130 simulated ECMAs were employed for training and the remaining 14 ECMAs were used for testing the model. The computed resonant frequencies for training and testing by ANN were obtained with the average percentage errors (APE) of 0.257 % and 0.523 % , respectively. The validity and accuracy of the present approach was verified on the measurement results of an ECMA fabricated in this study. Furthermore, the effects of the slots loading method over the resonant frequency were investigated to explain the relationship between the slots and resonant frequency.
INTRODUCTION
Because of their attractive features such as low profile, light weight, easy fabrication, low cost and conformability for mounting hosts, microstrip antennas have become popular in mobile communications. However, microstrip antennas inherently have a narrow bandwidth and low gain [16, 21, 25] . Conventional microstrip antennas with basic shapes such as rectangular, triangular and circular are relatively large to operate at the frequency band required for practical mobile applications. Present-day mobile communication systems usually require smaller antennas in order to meet the miniaturization requirements of mobile units. Therefore, size reduction or compactness has become the key consideration in antenna design for miniature wireless communication terminals. Many techniques have been proposed to effectively reduce the size of microstrip antennas [7, 18, 27] . The most well-known methods, which depend upon modifying the patch geometry to reduce the resonant frequency, are slotting on the patch and ground [7] , loading a shorting-pin between the patch and the ground plane [18] and using an inverted patch [27] . In fact, by using these techniques, the linear dimensions of such compact microstrip antennas (CMA) with the aforementioned basic shapes can be as small as one-third of that of corresponding conventional microstrip antennas at fixed operating frequency. The E-shaped compact microstrip antenna (ECMA) is a miniaturized antenna constructed with two identical parallel slots on the patch of rectangular microstrip antenna (RMA) by applying the slot loading method. By adjusting the slot length and slot width of the ECMA, one can obtain satisfactory performances [26] .
It is well known that analytical techniques such as the cavity model [19] and the transmission line model (TLM) [2] have been successfully utilized in the analysis of conventional microstrip antennas. These methods, based on some fundamental simplifying physical assumptions regarding the radiation mechanism of antennas, are the most useful for practical design as well as providing a good intuitive explanation of microstrip antennas. However, these methods are more suitable for conventional microstrip antennas because of their regular shapes. On the other hand, powerful simulation tools involving rigorous mathematical formulation and extensive numerical procedures, such as the finite difference time domain (FDTD) method [22] and the method of moments (MoM) [10] , have been successfully used to model such devices; however, the design procedure may be highly time consuming using these tools. Alternative simple ways should therefore be investigated by taking into consideration that the analysis of the microstrip patch is a complex problem because of the fringing fields at the edges. There exist several approaches which vary in accuracy and computational efforts have been proposed to analyze and design microstrip antennas. The most widely used can be listed as formulation methods [1, 5, 24] and artificial intelligent systems [4, 8, 15, 17, 20, 23] . Formulation methods are commonly derived with the aid of the optimization algorithm such as genetic, particle swarm, differential evolution etc. The most well-known artificial intelligent systems are the artificial neural network (ANN) [4, 8, 11, 13, 15, 17, 20, 23] and the adaptive neuro-fuzzy interference system (ANFIS) [13] . ANN attempts to model nonlinear problems by employing a mathematical model of the structure of the brain. The idea behind ANN models is that imitating the brain's structure of many connected processing elements enables computers to tackle tasks. During the last decade, ANN models have been increasingly used in the design of antennas, microwave devices, and circuits due to their ability and adaptability to learn, generalization, smaller information requirement, fast real-time operation, and ease of implementation features.
This work attempts to build an ANN model based on multilayer perceptrons (MLP) to compute the first resonant frequency of ECMAs. The resonant frequency values of 144 ECMAs were determined by the commercial electromagnetic simulator IE3D
TM (IE3D TM , version 14)
running on MoM. MLP was used to model the relationship between the simulated antenna parameters, which are patch dimensions and dielectric constants, and corresponding resonant frequency values. The constructed MLP model was achieved in two processes: training and testing. In order to provide the robustness of the networks, the parameters of 130 random simulated ECMAs were used to train the model and the remaining 14 were employed to test the accuracy of the model. The validity of the MLP model was verified on an ECMA fabricated in this study. Moreover, it was demonstrated that the slots into the ECMA patch lead to a reduction in resonant frequency of 36 % compared to the RMA. Thus the ECMA is 61 % smaller in size than the RMA. Meanwhile, the interrelation between the slots' size and the resonant frequencies and bandwidth are investigated to effectively reduce the size of the antennas.
ARCHITECTURE OF ARTIFICIAL NEURAL NETWORK
ANN is a computational model that is inspired by the function of biological neural networks. ANN consists of a group of artificial neurons which processes information over interconnection. There are many different ANN structures. Multilayer perceptrons (MLPs) [6, 11, 13] which are successfully and commonly employed in engineering problems are preferred in this study. The MLP can be trained by using many different algorithms such as Levenberg-Marquardt (LM), backpropagation, delta-bar-delta etc. In this work, MLPs are trained with the Levenberg-Marquardt algorithm [3, 9] which has the abilities of fast learning and good convergence. The MLP consists of three layers: input layer, output layer and a hidden layer, as shown in Fig. 1 . Neurons in the input layer only act as buffers for distributing the input signals x i to neurons in the hidden layer. Each neuron j in the hidden layer sums up its input signals x i after weighting them with the strengths of the respective connections w ji from the input layer and computes its output y j as a function f of the sum, namely
where f (·) can be a simple threshold function, a sigmoid, hyperbolic tangent, a radial basis function, a purelin function etc [11, 13] . The output of neurons in the output layer is computed similarly. Training a network consists of adjusting the weights of the network by using one of the available learning algorithms. The learning algorithm gives the change ∆w ji (t) in the weight of a connection between neurons i and j at time t. For the LM learning algorithm, the weights are updated according to the following formula 
where J , µ, I and E(w) are the Jacobian matrix, a constant, identity matrix, and error function, respectively. The Jacobian matrix contains the first derivatives of the errors with respect to the weights and biases. The value of µ is decreased after each successful step and is increased only when a step would increase the sum of squares of errors. In this study, an ANN model with three layers, which are the input layer, hidden layer with three nodes and the output layer, was used. In the training process, the number of epochs, minimum gradient, momentum parameter (µ), µ increment, µ decrement, maximum µ and seed value were selected as 250, 10 −10 , 0.0001 , 4, 0.1 , 10 10 , 7559532, respectively. Furthermore, tangent sigmoid, tangent sigmoid and purelin function were used in the input layer, hidden layer and output layer, respectively.
DESIGN AND SIMULATION OF ECMAs
The geometry of the RMA and ECMA is given in Fig. 2a and b . The ECMA consists of an L × W rectangular patch given in Fig. 2a with two symmetric identical slots (I s × w s on a dielectric substrate with h thickness on a metallic ground plane. The slots on the patch lead to an increase in the length of the patch according to TLM. Thus, the resonant frequency of the antenna can be effectively reduced.
The topology of the simulation process is illustrated in Fig. 3 . It is seen that the parameters groups given in Table 1 , which include the various dimensions and the electrical parameters of the ECMAs, are used to generate resonant frequency values with the aid of IE3D
(tm) software. In the simulations, the antennas were fed with a source having a Gaussian wave through a 50 ohm probe in the vicinity of the point x f = 2(W − w s )/3 and y f = The effects of the slots, dimensions on the resonant frequencies were investigated during the simulations. It was observed that slot loading on RMA to build the geometry of the ECMA results in an extension of the resonant length, and therefore the resonant frequency reduces even though the bandwidth is decreased. Furthermore, the impacts of the slot length l s and slot width w s over resonant frequency and bandwidth were sought separately, and it was inferred that slot width is more effective than the slot length in the design of an ECMA. Therefore, variation in slot length slightly changes the resonant frequency and bandwidth; otherwise an increase in the slot width leads to a decrease in resonant frequency and bandwidth.
ANN MODELING

Training Process of ANN
In the training process of the ANN model, the parameter groups of the ECMAs (L , W , l s , w s , h and ε r ) were introduced as input and respective simulated resonant frequency values (f IE3D ) were given as a target to the ANN, as shown in Fig. 4 . According to the relationship between the input and the target, the ANN model with three layers was trained to produce the resonant frequency (f AN N ) for each parameter set of an antenna given in Table 1 .
As much as 144 ECMAs were employed for training while 14 ECMAs were used for testing the ANN model. According to Fig. 5 , the value of the average percentage errors (APE) for the resonant frequencies computed by the ANN model was obtained as 0.257 % for the 130 ECMAs' training data. The training results of the 130 ECMAs are comparatively shown in Fig. 6 , and it is seen that the simulation and training results are in very good agreement.
Testing Process of ANN
To verify the ANN model, 14 simulated ECMAs, which were randomly selected from a total of 144 antennas before the training process so as to represent the solution space, were used in the testing process. The computed resonant frequencies and corresponding percentage errors are tabulated in Table 2 . As is seen, the resonant frequency results computed by ANN are much closer to the simulated ones. The APE was determined as 0.523 % for 14 ECMAs' test data.
FABRICATION OF ECMA
In order to further investigate the validity of the present approach, an ECMA, the parameters of which were not used in the training process, operating at 2.4 GHz was designed via IE3D
TM and then fabricated on the Rogers RT/duroid 5870 substrate given in Fig. 7 . Also two RMAs, one of them operating at the same frequency and the other with the same dimensions as the fabricated ECMA, were simulated through IE3D
TM to demonstrate that the slot loading method can be used for frequency reduction to achieve miniaturization. The return loss of the antenna was measured with an Agilent E5071B ENA Series RF network analyzer. Fig. 8 shows a good agreement between the measured and simulated return loss curves of the ECMA, in spite of some discrepancies due mainly to substrate variations, fabrication tolerances, and feed connector misalignment. The explicit results of measurement, simulation and ANN for the fabricated ECMA and simulated RMA are comparatively given in Table 3 . Moreover, it can be clearly seen that the slots in the patch of the ECMA lead to a reduction in resonant frequency of 36 % compared to an RMA of the same size, so the patch size of the ECMA is 61 % smaller than that of the RMA at fixed 2.4 GHz.
The simulated radiation patterns of the ECMA and RMA of the same size are given in Fig. 9 . As can be seen from the figures the ECMA has a broader beamwidth than the RMA. In simulation, the maximum gain at φ = 90
• for the ECMA is obtained as 6.88 dBi while it is 7.33 dBi for the RMA. On the other hand, the half power beam width is determined for the ECMA as 118.72
• while it is 109.36
• for the RMA.
CONCLUSION
In this paper, an application of ANN based on MLP for accurately calculating the resonant frequencies of ECMAs is proposed. To train and test the ANN model, 144 ECMAs with various dimensions and dielectric constants were designed and simulated by using IE3D
TM which is a commercial electromagnetic simulation tool. The parameter sets of 130 ECMAs were employed to train the proposed model and the remaining 14 ECMAs were used for testing the accuracy of the models. It was shown that the training and testing results of the ANN model were well-matched to the simulated resonant frequency results. Furthermore, an ECMA was fabricated to prove the proposed approach. In conclusion, these results substantiate that the proposed ANN model can be successfully used to determine the resonant frequencies of ECMAs without the need for any other calculations. Meanwhile, the effect of the slot sizes on the resonant frequency and bandwidth were investigated in the course of simulations. It was observed that slot width is more effective than slot length in setting the resonant frequency, and an ECMA is 61 % smaller than an RMA with the same outer sizes. This clearly shows that the slot loading method can be employed for miniaturization.
